Abstract: Objective To systemically explore the range of visual angles that affect visual acuity, and to establish the relationship between the P1 component (peak latency ~100 ms) of the pattern-reversal visual-evoked potential (PRVEP) and the visual acuity at particular visual angles. Methods Two hundred and ten volunteers were divided into seven groups, according to visual acuity as assessed by the standard logarithmic visual acuity chart (SLD-ii). For each group, the PRVEP components were elicited in response to visual angle presentations at 8°, 4°, 2°, 1°/60´, 30´, 15´, and 7.5´, in the whiteblack chess-board reversal mode with a contrast level of 100% at a frequency of 2 Hz. Visual stimuli were presented monocularly, and 200 presentations were averaged for each block of trials. The early and stable component P1 was recorded at the mid-line of the occipital region (oz) and analyzed with SPSS 13.00. Results (1) oz had the maximum P1 amplitude; there was no significant difference between genders or for interocular comparison in normal controls and subjects with optic myopia. (2) The P1 latency decreased slowly below 30´, then increased rapidly. The P1 amplitude initially increased with check size, and was maximal at ~1° and ~30´. (3) The P1 latency in the group with visual acuity ≤0.2 was significantly different at 8°, 15´ and 7.5´, while the amplitude differed at all visual angles, compared with the group with normal vision. Differences in P1 for the groups with 0.5 and 0.6 acuity were only present at visual angles <1°. (4) Regression analysis showed that the P1 latency and amplitude were associated with visual acuity over the full range of visual angles. There was a moderate correlation at visual angles <30´. Regression equations were calculated for the P1 components and visual acuity, based on visual angle. Conclusion (1) Visual angle should be taken into consideration when exploring the function of the visual pathway, especially visual acuity. A visual angle ~60´ might be appropriate when using PRVEP components to evaluate poor vision and to identify malingerers. (2) increased P1 amplitude and decreased P1 latency were associated with increasing visual acuity, and the P1 components displayed a linear correlation with visual acuity, especially in the range of optimal visual angles. Visual acuity can be deduced from P1 based on visual angle.
Introduction
Visual-evoked potentials (VEPs) are used to evaluate visual pathway function from the retina to the primary occipital cortex. Since the first use of the white-black chessboard reversal pattern and the grating pattern to study vision and the revealing of tight correlations between components of the VEP and visual acuity [1, 2] , researchers have attempted to apply the technique to clinical evaluation and ophthalmological assessment [3] [4] [5] . Because of the method-ological advantages of VEPs (simple waveform, repeatability, and small inter-individual variation), increasing attention has been paid to the study of diseases involving visual problems, such as in the field of oculopathy (amblyopia [6, 7] , refractive errors, field defects, diseases of the optic nerve, glaucoma [8] and color blindness), in diseases with latent impairment of vision (multiple sclerosis [9] , diabetes [10] ), and in psychological dysfunctions (schizophrenia, dementia, epilepsy) [11] [12] [13] [14] . So far only some changes in the early components (especially the P100) have been associated with certain diseases. Moreover, because the characteristics of VEP components depend on the type of visual stimulus [15] , the findings can lead to confusion when different laboratories use different stimuli. Therefore, further studies are essential to re-evaluate the use of VEPs for estimating visual acuity in clinical practice and in objective forensic appraisal.
During the last three decades, increased emphasis has been laid on stimulus parameters such as check size, color, contrast change [16] , luminance level, temporal frequency, and spatial frequency [17, 18] . The characteristics of participants such as age, gender, and ocular dominance have also been considered [19] . Steele standardized VEPs using normal emmetropic subjects, and then applied the results to uncorrected myopic subjects to objectively determine visual acuity for the assessment of clinical outcomes, and the primary conclusion was that the VEP can distinguish between emmetropic and corrected myopic eyes [20] . Moreover, many studies have investigated check size/visual angle using the pattern-reversal VEP (PRVEP), and its relationship with visual acuity. Kurita-Tashima and colleagues measured the negative wave with peak latency ~75 ms (N75) and the positive wave with peak latency ~100 ms (P100) in the PRVEP, and revealed that the logarithm of the check size had significant inverse linear relationships with the latency and amplitude of N75, and a significant curvilinear relationship with P100 latency [21] . However, in this study and others [22, 23] , all the regression equations were calculated from subjects with normal vision or corrected myopia and induced refraction error; uncorrected myopic subjects were little studied. in addition, large visual angles have never been used for evaluating the effectiveness of P-VEP testing in normal vision.
The assessment of corrected vision mainly depends on self-reporting and it is difficult to obtain a precise and objective measure, especially for people who deliberately malinger and patients who are incapable of test-matching due to low intelligence or mental disorder. Therefore, studies of naked-eye vision or uncorrected myopia are important for forensic and clinical practice. Previous approaches showed that stimuli with a small check size/visual angle induce an oblique effect of the picture edge due to the picture-outline mechanism, and this phenomenon is common, especially in people with poor vision [24] . Enlarging the visual angle would eliminate the oblique effect, so we used a full range of check sizes to generate regression equations for estimating particular visual disorders, especially for
Chinese people with poor vision.
Although many conventional methods for testing visual acuity are available, they are difficult to use with infants or the handicapped and for forensic purposes (e.g., in cases of ocular trauma, trauma mixed with ocular pathological or psychological dysfunctions, malingering, and exaggeration of amblyopia or even blindness) [25, 26] .
Based on the hypothesis that a large range of visual angles and different levels of visual acuity are basic requirements for the study of visual function, this prelimi- in the traditional approach to PRVEP testing, the low frequency of 2 Hz is used to elicit the P100 component and is considered the best for assessing visual acuity [27] . This frequency was used in our study, with a mean luminance of 50 cd/m 2 , contrast at 100%, and at a distance of 1 m. Each experimental block consisted of 200 trials with 2-min rest between blocks. The sequence of eye tested was randomized and matched among subjects. Checks subtending from 8° to 7.5´ were delivered so as to obtain a replicate trial for each size. The average of the two trials was used for statistical analysis. Hz. Subjects were requested to focus on the central point and avoid blinking and eye movements during the trials.
Procedures
An eye patch was used to cover either eye for monocular testing.
After asking the subjects to focus on the red cross at the center of the screen and making a baseline EEG recording for 3 min, the stimuli were presented in sequence, and a series of EEGs were obtained. The VEPs were extracted by offline analysis. The averaging epochs was 250 ms, from 50 ms before the stimulus to 200 ms after the stimulus. Computerized artifact rejection was performed prior to averaging (<5% of trials were rejected).
P1 component recognition was based on polarity and
latency. After ~100 ms, the first major positive peak occurring between 100 and 130 ms was elicited, following a The oz site showed the maximum P1 amplitude (Fig. 2 ).
All components of the PRVEP were analyzed at oz. No difference (post hoc test, n = 30, P >0.05) was found in the N1 peaks. in contrast, the P1 latency and amplitude showed significant differences between different check sizes (post hoc test, n = 30, P <0.01). The latency tended to shorten first and then increased with decreasing visual angle (Fig. 3) .
The P1 values showed no significant difference between genders (t-test, n = 15, P >0.05) ( Table 1 ). All subjects were right-handed. Interocular comparison of P1 in subjects with 0.1, 0.5 and 1.0 acuity showed a non-significant tendency for a shorter latency and higher amplitude for the right eye (t-test, n = 15, P >0.05). 
Features of the PRVEP responding to check size/ visual angle
The P1 latency decreased slowly below 30´, then increased rapidly in subjects especially with relatively high acuity (0.6, 0.8 and 1.0) (Fig. 3) . The P1 latency differed among all the check sizes (post hoc test, n = 30, P <0.01).
Anti-parallel to the P1 latency, the P1 amplitude initially increased with check size, and was maximal at 1° and 30´.
Features of the PRVEP responding to visual acuity P1
latency tended to decrease and P1 amplitude tended to increase with increasing visual acuity at a particular visual angle. Compared with the normal vision group, P1 latency in the group with acuity ≤0.2 showed significant differences at 8°, 15´ and 7.5´, while the groups with 0.5 and 0.6 showed significant differences at the smaller check sizes of of 15´and 7.5´ (Fig. 4) . Comparing the P1 amplitude in the lower acuity group with normal subjects, significant differences occurred at all visual angles (post hoc test, n = 30, P <0.05). in the 0.5 and 0.6 groups, significant differences in amplitude only occurred from 1° to 7.5´ (Fig. 5) . (Fig. 6) . The linear regressions for P1 latency and amplitude corresponding to different levels of visual acuity at particular visual angles are listed in Table 2 . to 30´, while it decreases at other angles. A recent study implied that 15´ or 60´ might be optimal for estimating visual acuity [34] . The different results among studies might reflect the selective conflicting of the testing coefficient and age-differences between the test groups. Moreover, some reports found a curvilinear relationship between the P1 amplitude and check size/visual angle [20, 35] . The peak amplitude of P1 wave was elicited at 30´ in the visual acuity groups studied [35] . A similar curvilinear tendency with slow enhancement and rapid decline was also found in our study. However, two peak values were found at 60´ and 30´, rather than the one peak in the previous finding [35] . in addition, we also found relationships of both P1 amplitude and P1 latency with visual angle, which might be attributed to the wide-range of visual acuities. The curvilinear relationship of P1 latency is supported by the study of KuritaTashima [36] , which showed the latency peak was at 35´.
Linear-regression equations for visual acuity
Based on the above, we supposed that the optimal visual angle might differ for individuals with different visual acuity. For the visual acuity <0.2 group, the maximum P1
Discussion
With regard to the relationship between visual acuity and visual stimulus size, some reports show that an increase in P1 amplitude occurs within visual angles 10´ amplitude occurred at 60´and 30´, whereas one peak at 30´
was found in the other groups. These phenomena could be explained by pattern-contour mechanisms [37] . Since the pattern edge blurs at smaller check sizes, a rapid decrement of P1 amplitude and prolongation of P1 latency occurred in the vision 0.1 and 0.2 groups, reflecting the fact that with poorer acuity, a larger visual angle is needed to distinguish the details of the visual stimulus.
Luminance changes of pictorial stimuli might further contribute to amplitude attenuation and latency extension [33] .
Lower amplitude and longer latency might be due to stimulation of the peripheral retina where rods predominate [38] , with sensitivity to subdued light but weak visual acuity.
The results suggested that the mechanism of visual processing at lower levels of visual acuity might be inherent and differ from those in normal vision. Meanwhile, the results also provided evidence that the study of visual angle combined with visual acuity is needed to appraise visual processing. our results also indicated that check size has a stronger effect on the P1 component than visual acuity which might be because visual angle and margin perception of a pictorial stimulus are basic prerequisites for visual processing. However, further studies are needed to clarify the mechanism.
Previous study showed that the early and late phases of the P1 component are respectively localized to the dorsal extrastriate cortex of the middle occipital gyrus and ventral extrastriate cortex of the fusiform gyrus [39] . Some reports showed that the amplitude of the P1 component is a sensitive sign of early pathology in the visual system [41] , whereas P1 amplitude is affected by stimulus parameters, the physiological state of the subject, and the degree of attention during testing. Therefore, it would be serious to evaluate the visual function only by the reduction of P1 amplitude without pathological changes of neurons. in contrast, most previous studies revealed that P1 latency has less inter-individual variation than P1 amplitude [42] , so particular emphasis was laid on the contribution of P1 latency to visual acuity, however, the major variability and the relative blunt modulation of P1 deduced by the traditional ways might limit its further application [21] . Kharauzov reported a strong logarithmic relationship between the threshold spatial frequency and visual acuity, allowing automated calculation of visual acuity from the electrophysiological data [43] . Besides the difference of the visual stimulus from our study, Kharauzov's study neglected the effect of visual angle. Using the full range of check sizes in the equal-ratio sequence, we established the relationships between P1 components and visual acuity based on different visual angles. This could provide a primary database to improve and standardize the mode of PRVEP testing for objective assessment of visual acuity.
Although an abnormal PRVEP only reflects damage in the visual pathway (from eye to visual cortex), it cannot effectively be used to locate the site of a visual disorder.
In this study, we aimed to objectively evaluate the degree of the visual acuity neglecting the site of the visual defect.
Since eye-movement is monitored, the PRVEP is objective and reliable for assessing visual acuity, and thus valuable for forensic practice. it was reported that suspected voluntary suppression of the VEP could be modified by using a large check size or stimulus field and binocular stimulation [44] , and this study also suggested that a larger check size/visual angle plays an important role in assessing function in the visual pathway, especially with a serious disorder of visual acuity. Based on our study, optimal visual angles could be selected for the examination of different levels of visual dysfunction. Moreover, the precise assessment of visual acuity can be undertaken using the P1 component of the PRVEP. The results ae independent of subjects' responses and therefore provide an objective assessment of visual acuity for forensic purposes. Finally, further study of visual acuity with larger sample sizes and subdivision into age groups would improve the equations, and make this method more effective and convenient for estimating the status of visual dysfunction.
Conclusion
The P1 component of the PRVEP can be used to evaluate optic function and objectively assess visual acuity.
our study suggested that visual angle is essential for exploring the status and dysfunctions of the visual pathway, especially visual acuity. Both the amplitude and latency of the P1 component of the PRVEP showed a curvilinear relationship with check size/visual angle. The peak P1 latency and amplitude occurred ~60´for acuity <0.2, whereas 30´ was the optimal stimulus for the other groups. Large visual angles around 60´/1°might be used to generate PRVEP components for evaluating poor vision and identifying malingerers. Further, P1 amplitude tended to increase and P1 latency to decrease with increasing visual acuity. The P1 components displayed linear correlations with visual acuity, especially in the range from 60´ to 15´.
